Centella asiatica is widely used as a medicinal plant due to accumulation of the ursane-type triterpene saponins asiaticoside and madecassoside. The molecular structure of both compounds suggests that they are biosynthesized from a-amyrin via three hydroxylations, and the respective Cyt P450-dependent monooxygenases (P450 enzymes) oxidizing the C-28 and C-2a positions have been reported. However, a third enzyme hydroxylating C-23 remained elusive. We previously identified 40,064 unique sequences in the transcriptome of C. asiatica elicited by methyl jasmonate, and among them we have now found 149 unigenes encoding putative P450 enzymes. In this set, 23 full-length cDNAs were recognized, 13 of which belonged to P450 subfamilies previously implicated in secondary metabolism. Four of these genes were highly expressed in response to jasmonate treatment, especially in leaves, in accordance with the accumulation patterns of asiaticoside. The functions of these candidate genes were tested using heterologous expression in yeast cells. Gas chromatographymass spectrometry (GC-MS) analysis revealed that yeast expressing only the oxidosqualene synthase CaDDS produced the asiaticoside precursor a-amyrin (along with its isomer b-amyrin), while yeast co-expressing CaDDS and CYP716A83 also contained ursolic acid along with oleanolic acid. This P450 enzyme thus acts as a multifunctional triterpenoid C-28 oxidase converting amyrins into corresponding triterpenoid acids. Finally, yeast strains co-expressing CaDDS, CYP716A83 and CYP714E19 produced hederagenin and 23-hydroxyursolic acid, showing that CYP714E19 is a multifunctional triterpenoid oxidase catalyzing the C-23 hydroxylation of oleanolic acid and ursolic acid. Overall, our results demonstrate that CaDDS, CYP716A83 and CYP714E19 are C. asiatica enzymes catalyzing consecutive steps in asiaticoside biosynthesis.
Introduction
Triterpenoids are a large group of secondary metabolites comprising >300 different carbon skeletons, with one or more functional groups that may be glycosylated to form saponins (Xu et al. 2004) . The bioactive saponins of many plant species are derived from oleanane-type aglycones, such as glycyrrhizin accumulating in licorice, saikosaponins from Bupleurum falcatum and soyasaponins from Glycine max.
Many medicinal plants also contain active saponins with ursane skeletons. Among them, Centella asiatica (L.) Urban leaves are widely used in pharmaceutical applications towards wound healing, for treating vein diseases and memory improvement, and as anti-histamine, anti-ulcer, anti-leprosy, anti-depressant, anti-bacterial, anti-fungal or anti-oxidant agents (Brinkhaus et al. 2000, James and Dubery 2009) . The bioactive compounds involved are ursane-type triterpenoid saponins, most importantly madecassoside and asiaticoside. The processes involved in the formation of C. asiatica saponins can be predicted based on triterpenoid biosynthesis in other plant species, typically proceeding in stages of precursor formation, cyclization, functionalization and conjugation. First, common precursors are synthesized by isoprene oligomerization involving squalene synthase, and activation by squalene epoxidase. Then, triterpenoid pathways start to branch, and cyclization by oxidosqualene cyclases (OSCs) yields either phytosterol or saponin intermediates. Some OSCs form multiple products, and many plant species have two or more OSC homologs, giving rise to arrays of isomeric triterpene carbon backbone structures (Phillips et al. 2006) . For example, the Arabidopsis thaliana genome encodes 13 OSCs, all with distinct biochemical functions. Similarly, OSCs from many other plant species have been characterized, in many cases as product-specific enzymes forming b-amyrin.
The C. asiatica saponin, asiaticoside, has a ursane carbon skeleton and is thus thought to be biosynthesized from a-amyrin (Fig. 1) . Relatively few OSC enzymes have been described to date that form a-amyrin in other plant species, and all were characterized as multifunctional enzymes synthesizing multiple triterpenoid products. OSCs producing predominantly a-amyin (a-amyin and b-amyrin in a 5:1 ratio) were described in Catharanthus roseus and MalusÂdomestica (Brendolise et al. 2011 , Yu et al. 2013 . Two Centella asiatica OSCs, CaCYS and CaDDS, were initially characterized as cycloartenol and dammarenediol synthases, respectively (Kim et al. 2005 , Kim et al. 2009 ). In contrast, CaDDS was recently reported to form a-amyrin, b-amyrin and dammarenediol-II in a ratio of 88:11:1, respectively (Moses et al. 2014a) , suggesting that this enzyme is forming the a-amyrin precursor for asiaticoside biosynthesis. However, due to the conflicting evidence in these two studies, the exact function of CaDDS needs to be reevaluated.
In the next stage of triterpenoid biosynthesis, the preformed carbon skeletons undergo oxidative modifications (Thimmappa et al. 2014 , Seki et al. 2015 , and Cyt P450 monooxygenases (P450s) are thought to catalyze most of the regiospecific functionalizations. Several P450 enzymes catalyzing triterpenoid oxidations have been described to date, introducing hydroxyl or carboxyl functions at the C-6 to C-30 positions, respectively, of b-amyrin, dammarenediol, thalianol or lupeol (Qi et al. 2006 , Field and Osbourn 2008 , Seki et al. 2008 , Fukushima et al. 2011 , Han et al. 2011 , Han et al. 2012 , Fukushima et al. 2013 , Moses et al. 2014a , Moses et al. 2014b , Moses et al. 2015a , Moses et al. 2015b , Yasumoto et al. 2016 , Miettinen et al. 2017 , Yasumoto et al. 2017 . In contrast, hydroxylations of a-amyrin and its derivatives leading to the less common ursane-type saponins, including asiaticoside and madecassoside, are relatively poorly understood.
En route to asiaticoside, a-amyrin must be hydroxylated at positions C-2a, C-23 and C-28 to yield asiatic acid (while further hydroxylation at C-6b yields madecassic acid). Very recently, a study based on publicly available transcriptome information identified C. asiatica candidate P450 enzymes for asiaticoside biosynthesis, all belonging to the subfamily CYP716 (Miettinen et al. 2017 Fig. 1 Putative biosynthetic pathways leading to triterpene saponins in C. asiatica. The precursors, a-amyrin and b-amyrin, are transformed by a series of oxidative reactions to oleanane-and ursane-type aglycones, respectively, which are then converted by UGTs to asiaticoside and scheffoleoside A. The oxidosqualene cyclase enzymes are represented as: CaDDS, multifunctional a-amyrin synthase; bAS, b-amyrin synthase. Colored arrows signify reactions catalyzed by P450 enzymes on the triterpene saponin pathway of C. asiatica.
were found to catalyze the C-28 oxidation of the pentacyclic triterpenoid skeleton, while CYP716C11 oxidized the C-2a position. Although two enzyme activities required for asiaticoside functionalization were thus reported, the third P450 responsible for C-23 oxidation remained unidentified. Candidate P450s for particular metabolic pathways cannot be identified based on sequence similarity alone due to high redundancy within the enzyme family (e.g. the A. thaliana genome contains 273 P450 genes and pseudogenes; Nelson and Werck-Reichhart 2011) . Furthermore, even P450 homologs with relatively high sequence identity, within one species, may differ drastically in substrate or product specificity (Augustin et al. 2011) . Therefore, approaches to identify the missing asiaticoside biosynthesis P450 must be both broad and specific, covering a range of enzyme homologs and filtering them with pathway-specific information.
The formation of many secondary metabolites can be enhanced by environmental stress, frequently mediated by phytohormones such as methyl jasmonate (MeJA) (Zhao et al. 2005 ) and involving transcriptional up-regulation (Wasternack 2007) . Accordingly, MeJA elicitation may be used to enhance transcriptomic analyses of secondary metabolism, including triterpene saponin biosynthesis (Lambert et al. 2011) . In particular, concerted transcript and metabolite profiling of stress/elicitor-treated plants or cell cultures has proven to be a powerful approach for determining gene function in secondary metabolism (De Geyter et al. 2012 ). However, this strategy has not yet been used to investigate asiaticoside biosynthesis.
The goal of the present study was to characterize genes potentially involved in asiaticoside biosynthesis, with particular focus on the C-23 oxidation step probably catalyzed by a P450 enzyme. To this end, we analyzed our previous transcriptome data of C. asiatica leaves elicited with MeJA to short-list candidate P450 enzymes and tested their expression patterns. We then characterized select C. asiatica P450 genes using heterologous expression in yeast and gas chromatography-mass spectrometry (GC-MS) analysis of triterpenoid products.
Results
The present investigation aimed at the isolation and characterization of a P450-dependent enzyme catalyzing the C-23 methyl group oxidation of triterpenoid intermediates en route to asiaticoside in Centella asiatica using a transcriptomic approach. In a previous study, 40,046 unique sequences had been identified in the transcriptome of C. asiatica leaves elicited by MeJA, and 64.8% of them had been annotated based on BLAST similarity searches against four public databases (Kim et al. 2017 ), including many sequences encoding enzymes likely to be involved in asiaticoside formation.
Re-evaluation of the CaDDS enzyme
To establish a heterologous expression system that would enable the characterization of candidate C. asiatica P450s, it was necessary first to identify enzymes that could provide relevant substrates. Therefore, we aimed to isolate and characterize at least one OSC enzyme forming the asiaticoside precursor a-amyrin. We identified five OSC candidate genes in the C. asiatica leaf cDNA library, with high sequence homology to previously characterized a-amyrin synthases, b-amyrin synthases and lupeol synthases from other species.
One of the OSC sequences in the transcriptome data set encoded CaDDS, a C. asiatica enzyme initially characterized as a dammarenediol synthase (Kim et al. 2009 ) and more recently as a multifunctional OSC producing mainly a-amyrin, along with b-amyrin, traces of dammarenediol-II and another, unidentified product (Moses et al. 2014a) . To re-assess the biochemical function of CaDDS, it was overexpressed in the yeast GIL77 mutant engineered to accumulate the OSC precursor oxidosqualene. In contrast to the previous reports, dammarenediol-II could not be detected in the resulting transgenic yeast, either in total ion chromatograms or in single ion traces of characteristic fragments (m/z 147, 199). However, the transgenic yeast produced six compounds not found in the respective empty vector controls. Among them, d-amyrin (d1), a-amyrin (u1), b-amyrin (o1), c-taraxasterol (p1) and taraxasterol (t1) were identified based on GC retention times and mass spectral fragmentation patterns matching those of identical triterpenoid structures in the cuticular wax of tomato (Bauer et al. 2004 . Another triterpenoid alcohol in the extract of the transgenic yeast could not be identified. The six triterpenoids were present in a ratio of 1:67:26:4:1:1, respectively ( Supplementary  Fig. S1 ). Overall, our re-evaluation of the CaDDS product spectrum revealed that this OSC is a multifunctional triterpene synthase forming mainly a-amyrin, the predicted precursor for asiaticoside. Therefore, CaDDS was identified as a suitable OSC for providing a-amyrin as substrate in co-expression experiments to test the activity of P450 enzymes that may be involved in the asiaticoside biosynthesis pathway.
Selection of C. asiatica P450 enzymes involved in triterpenoid biosynthesis
To identify C. asiatica P450 enzymes that may be involved in asiaticoside biosynthesis, three consecutive experiments were carried out. First, the transcriptome of MeJA-elicited C. asiatica leaves was analyzed, resulting in 149 unigenes annotated as P450s (Supplementary Table S1 ). Among them, 23 unigenes were present as full-length cDNAs, 13 of them belonging to various subfamilies with members previously implicated in secondary metabolism in other plant species (Table 1) .
In a second experiment, the candidate P450 enzymes for asiaticoside biosynthesis were further evaluated by studying gene expression in hairy root cultures. As both the asiaticoside products and the OSC CaDDS transcript accumulate rapidly after MeJA induction in C. asiatica hairy roots and whole plants (Mangas et al. 2006 , Kim et al. 2007 , it seemed plausible that expression of asiaticoside-forming P450 enzymes is also induced by MeJA treatment. Consequently, the expression levels of the 13 genes from P450 subfamilies previously associated with secondary metabolism were monitored by real-time reverse transcription-PCR (RT-PCR) as a function of time after MeJA induction ( Supplementary Fig. S2A ). Eight of the unigenes showed particularly high expression levels in hairy roots starting 12 h after elicitation. In contrast, other P450s were either expressed at constant levels with and without MeJA induction or not expressed at all. To corroborate the results of the RT-PCR analysis, we performed further quantitative RT-PCR analysis of the eight inducible genes ( Fig. 2A) . All genes, except CYP72A309, showed dramatically increased expression already 12 h after MeJA induction, and varying transcript levels thereafter.
Finally, to filter the list of potential asiaticoside-forming enzymes further, the organ-specific expression of candidate P450s was assessed. As asiaticoside accumulates mainly in leaves of C. asiatica, those P450s with preferential leaf expression were considered as good candidates for triterpenoid biosynthesis. CYP716A83, CYP716A85 and CYP714E19 were highly expressed in all organs of C. asiatica investigated, most notably in leaves, and CYP736A118 was more highly expressed in leaves than in other organs (Fig. 2B) . These findings are in sharp contrast to many other P450s which were expressed at very low levels in leaves, or not at all ( Supplementary Fig. S2B ). Therefore, taking the organ-specific expression patterns together with MeJA inducibility, CYP716A83, CYP716A85, CYP714E19 and CYP736A118 were the primary candidates for P450 enzymes to be involved in asiaticoside biosynthesis, and in particular for catalyzing hydroxylations of a-and b-amyrin.
To evaluate the selected P450 candidates for asiaticoside biosynthesis, their sequences were compared with those of other C. asiatica enzymes belonging to P450 subfamilies also associated with secondary metabolism (Fig. 3) . In this context, the C. asiatica CYP716 genes were of primary interest because several members of this P450 subfamily had previously been characterized as triterpenoid oxidases from diverse plant species (Fukushima et al. 2011 , Han et al. 2011 , Han et al. 2012 , Han et al. 2013 , Moses et al. 2014a , Moses et al. 2015b ). In particular, several CYP716A genes had previously been characterized as specific triterpenoid C-28 oxidases accepting various substrates to form oleanolic acid, ursolic and/or betulinic acids (Thimmappa et al. 2014 , Seki et al. 2015 . The high sequence similarity between CYP716A genes from distantly related plant species suggests that this biochemical function is an ancestral evolutionary trait that is highly conserved among taxa (Fukushima et al. 2011 , Huang et al. 2012 , Han et al. 2013 , Moses et al. 2015a . One of the C. asiatica candidate enzymes, CYP716A83, grouped with P450s known as triterpenoid C-28 oxidases (along with CYP716A84 and CYP716A86). Our phylogenetic analysis of CYP716A83 thus underlined the findings of a previous report showing that this enzyme catalyzes the C-28 oxidation of a-and b-amyrin to ursolic and oleanolic acid, respectively (Miettinen et al. 2017) .
Our phylogenetic analysis further showed that the second C. asiatica P450 of interest, CYP716A85, had sequence similarity to various other P450 enzymes known to oxidize triterpenoids in various positions other than C-28 (Fig. 3) . Recently, the sequence initially named CYP716A85 in our study has been reclassified as CYP716E41 due to additional sequence information accrued over time (D. Nelson, personal communication) , and under this name has been partially characterized (Miettinen et al. 2017) . The information available so far suggested that CYP716A85 (alias CYP716E41) hydroxylates the C-6 position of maslinic acid (i.e. 2a-hydroxyoleanolic acid) or oleanolic acid. Our gene expression data now confirm that this enzyme is likely to be involved in asiaticoside formation, probably oxidizing triterpenoid precursors on a position other than C-28. Beyond the CYP716 subfamily, several other P450 sequences in the C. asiatica leaf transcriptome also had similarities to triterpenoid metabolism enzymes. First, one CYP71 (CYP71D409) sequence was identified in phylogenetic clusters with enzymes known to oxidize triterpenoids on C-23 or C-28 (Krokida et al. 2013 , Kranz-Finger et al. 2018 ). Secondly, a C. asiatica CYP72 subfamily member (CYP72A309) had sequence similarity to triterpenoid C-22, C-23 or C-30 oxidases in other species (Fukushima et al. 2013) , including the oleanane C-23 oxidase CYP72A68v2 from Medicago truncatula (Supplementary Fig.  S3 ). In contrast, the amino acid sequence of the C. asiatica P450 CYP714E19 was only 30% identical to that of CYP72A68v2 ( Supplementary Fig. S4 ). Thirdly, several C. asiatica P450 sequences fell into the CYP74, CYP76, CYP82, CYP710, CYP714 and CYP736 subfamilies where no triterpenoid oxidases had been characterized before. Conversely, none of the C. asiatica P450s clustered with the CYP93E subfamily, many members of which oxidize triterpenoid C-24 methyls into carboxyl functions, and which have high levels of mutual identity (80-87%; Moses et al. 2014b) .
Overall, our C. asiatica sequence analyses and expression data showed that CYP714E19 and CYP736A118 were the primary enzyme candidates for catalyzing the C-23 oxidation of asiaticoside precursors. Therefore, the biochemical characteristics of both enzymes had to be studied in detail. Our results thus far further confirmed previous findings that CYP716A83 and CYP716A85 are also involved in asiaticoside formation, probably as C-28 and C-6 oxidases, respectively. The activities of these two enzymes hence had to be investigated as well, both to complement previous biochemical data and in the new context of the CYP714E19 and CYP736A118 enzymes.
Characterization of C. asiatica P450 enzymes
For biochemical characterization of the selected P450 enzyme candidates, they were co-expressed in yeast together with CaDDS to provide triterpenoid substrates. The yeast strain WAT21 was used for these in vivo characterization experiments, as it harbors the Arabidopsis reductase ATR to serve as an electron donor for testing of hydroxylase function. Ethyl acetate extracts of the yeast cells were analyzed by GC-MS, using total ion counts (TICs) to capture all compounds and extracted ion chromatograms (EICs) to inspect further those peaks with enhanced signal-to-noise ratios. Two rounds of experiments were carried out, first testing the activity of single candidate P450s and then testing the combined activities of select pairs of P450 enzymes.
In the first set of experiments, control yeast harboring only CaDDS produced four triterpenoids not found in the empty vector control (Fig. 4A) , confirming our results on CaDDS expressed in GIL77 yeast (compare Supplementary Fig. S1 ). In contrast, a yeast line co-expressing CaDDS and CYP716A83 produced six additional compounds not found in the controls (Fig. 4B) , four of which had GC retention times (Fig. 4C) and MS fragmentation patterns (Fig. 5) matching those of (TMSiderivatized) authentic standards of uvaol (u2a), erythrodiol (o2a), ursolic acid (u4a) and oleanolic acid (o4a). Two more products in the transgenic yeast were, based on their MS fragmentation patterns combining characteristics of ursane/oleanane skeletons with likely molecular ions m/z 512 and deformylation products [M-30] +. (Fig. 6A) , tentatively identified as ursolic aldehyde (u3a) and oleanolic aldehyde (o3a). Therefore, the results of this yeast co-expression experiment show that CYP716A83 converts a-amyrin (u1) via uvaol (u2a) and ursolic aldehyde (u3a) into ursolic acid (u4a), and b-amyrin (o1) via erythrodiol (o2a) and oleanolic aldehyde (o3a) into oleanolic acid (o4a). Overall, this enzyme thus catalyzes the stepwise oxidation of the C-28 methyl groups (-CH 3 ) of various triterpenoid substrates all the way to the corresponding C-28 carboxylic acids (-COOH).
Two more compounds (9 and 13) were detected in the yeast co-expressing CaDDS and CYP716A83 (Fig. 4B) , with mass spectral characteristics suggesting urs-20-ene-3,28-diol (alias heterobetulin, p2a) and 3-hydroxyurs-20-en-28-oic acid (alias heterobetulinic acid, p4a) structures, respectively (Fig. 6B) . Based on these tentative structure assignments, it seems plausible that CYP716A83 catalyzes the oxidation of the C-28 methyl groups of c-taraxasterol (p1) as well as of a/b-amyrin (u1/o1).
Three further yeast lines co-expressing CaDDS together with CYP716A85, CYP714E19 or CYP736A118 contained the same triterpenoid alcohols as the CaDDS-only control, mostly bamyrin and a-amyrin, but no further triterpenoids generated by oxidation of the alcohols (Supplementary Fig. S5 ). Neither of the three candidate enzymes thus showed monooxygenase activity on either the oleanane-or the ursane-type triterpenoid alcohol precursors.
In a second round of experiments, we tested the potential activities of the CYP716A85, CYP714E19 or CYP736A118 candidate P450s in combination with CYP716A83. However, yeast expressing CaDDS and CYP716A83 together with CYP716A85 or CYP736A118 produced the same triterpenoids as the Supplementary Table S2 . Enzymes encoded by highly MeJA-inducible C. asiatica genes are highlighted in blue. The C. asiatica P450s CYP716A83 and CYP714E19 were characterized in this study.
CaDDS/CYP716A83 control, without any additional oxidation products ( Supplementary Fig. S6 ).
Finally, co-expression of CaDDS, CYP716A83 and CYP714E19 led to the formation of various compounds not present in the respective controls. Among the newly formed triterpenoids, 23-hydroxyursolic acid (u4b), hederagenin (o4b) and gypsogenic acid (o4d) were identified based on retention times (Fig. 7) and mass spectra (Fig. 8) matching those of (TMSi-derivatized) authentic standards. Using GC-MS analyses in total ion and single ion (m/z 189 and 203) modes, five more compounds were recognized as triterpenoids. Among them, 3-hydroxyurs-12-ene-23,28-dioic acid (u4d) was identified based on its MS fragmentation pattern (Fig. 9A ) similar to that of gypsogenic acid (o4d) (Fig. 8C) and a GC retention time difference between both compounds (Fig. 7B) matching that between other isomeric ursane-and oleanane-type triterpenoid derivatives (compare, for example, the retention time difference between a-amyrin u1 and b-amyrin o1). Two other compounds were tentatively identified as 3-hydroxy-23-oxours-12-en-28-oic acid (u4c) and gypsogenin (o4c) based on their MS fragmentation patterns (Fig. 9B) and relative GC retention times (Fig. 7B) . Finally, two more compounds detected in the transgenic yeast had MS fragmentation patterns consistent with 23-hydroxyuvaol (u2b) and 23-hydroxyursolic aldehyde (u3b), respectively (Fig. 9C) ; however, their exact structures could not be assigned based on the spectroscopic evidence acquired here.
To assess the relative quantities of various triterpenoids in the transgenic yeast harboring CaDDS, CYP716A83 and CYP714E19, the abundances of the common fragment m/z 203 were quantified in all GC-MS peaks. The overall triterpenoid mixture consisted of 17% 23-hydroxyuvaol (u2b), 6% 23-hydroxyursolic aldehyde (u3b), 33% 23-hydroxyursolic acid (u4b), together with 2% 3-hydroxy-23-oxours-12-en-28-oic acid (u4c) and 4% 3-hydroxyurs-12-en-23,28-dioic acid (u4d), and also together with 30% hederagenin (o4b), 4% gypsogenin (o4c) and 5% gypsogenic acid (o4d). These relative amounts imply that the various structures with alcohol, aldehyde or acid functionalities at the C-23 position comprised approximately 86, 6 and 9%, respectively, showing that CYP714E19 plays a major role in oxidizing the C-23 methyl group of various triterpenoid precursors into corresponding 23-hydroxy compounds (i.e. alcohols), and only a lesser role in the two further oxidation steps to the corresponding aldehydes and acids.
All yeast expression experiments were repeated three times, always with nearly identical results. Overall, our results show that CYP714E19 is a multifunctional triterpenoid C-23 oxidase, accepting uvaol and erythrodiol, as well as ursolic and oleanolic acids as substrates. Based on this result, the extracts from yeast co-expressing CaDDS and CYP714E19 were re-analyzed using GC-MS in single-ion mode (m/z 189, 203, 216 and 571) to search specifically for 23-hydroxy-a-amyrin and 23-hydroxy-b-amyrin ( Supplementary Fig. S7 ). However, neither of the compounds 5 ) comparison with matching authentic standards of d-amyrin (d1), b-amyrin (o1), a-amyrin (u1), c-taraxasterol (p1) and taraxasterol (t1). Compounds o2a, u2a, o4a and u4a, formed by CaDDS and CYP716A83 together, showed retention behavior similar to that of authentic standards of erythrodiol, uvaol, oleanolic acid and ursolic acid, respectively. Further products were tentatively identified based on mass fragmentation patterns (see Fig. 6 ) as oleanolic aldehyde (o3a), ursolic aldehyde (u3a), urs-20-ene-3,28-diol (alias heterobetulin, p2a) and 3-hydroxyurs-20-en-28-oic acid (alias heterobetulinic acid, p4a). IS, internal standard lupeol.
was detected, indicating that the amyrins do not serve as substrates for the C-23 oxidase.
Discussion
In the present study, the transcriptome of MeJA-induced C. asiatica leaves was analyzed to identify candidate genes potentially involved in asiaticoside biosynthesis. It is well established that MeJA induction leads to asiaticoside accumulation in C. asiatica leaves (Kim et al. 2004 , Mangas et al. 2008 ), and we therefore expected that genes encoding asiaticoside pathway enzymes should be up-regulated upon MeJA treatment. We hypothesized that at least three P450s with different regiospecificity probably oxidize the C-2a, C-23 and C-28 positions of the ursane skeleton starting from a-amyin as the initial substrate (Fig. 1) .
The transcriptome of C. asiatica leaves contained several P450 genes with sequence homology to enzymes involved in triterpenoid metabolism. Among them, candidate genes belonging to the CYP716A, CYP714E and CYP736A subfamilies were of particular interest due to their relatively high expression in leaves and MeJA-elicited expression, both matching the accumulation patterns of asiaticoside. We found that one of the candidate P450s, CYP716A83, converts a-amyrin (u1) and bamyrin (o1) into ursolic acid (u4a) and oleanolic acid (o4a), respectively. Our results thus confirm an earlier report showing that this enzyme has C-28 oxidase activity on ursane and oleanane substrates (Miettinen et al. 2017 ). In the light of our gene expression data, we conclude that CYP716A83 is a crucial enzyme catalyzing the initial oxidation steps converting the first ursane skeleton precursors into intermediates dedicated to the formation of asiaticoside.
Our analyses also corroborated previous evidence on C-28 oxidation intermediates of CYP716A83, on the one hand confirming the formation of erythrodiol (o2a) en route from bamyrin (o1) to oleanolic acid (o4a) and adding GC-MS information to substantiate the formation of oleanolic aldehyde (o3a), and on the other hand identifying uvaol (u2a) and substantiating ursolic aldehyde (u3a) as intermediates between a-amyrin (u1) and ursolic acid (u4a). Of note, we also detected additional CYP716A83 products heterobetulin (p2a) and heterobetulinic acid (p4a), probably formed by C-28 oxidation of c-taraxasterol instead of the amyrins. The enzyme thus accepts various substrates with isomeric backbone uvaol (u2a) , oleanolic acid (o4a), ursolic acid (u4a), 23-hydroxyursolic acid (u4b), hederagenin (o4b) and gypsogenic acid (o4d). Further products were tentatively identified based on fragmentation patterns (see Figs. 6, 7, 9 ) as urs-20-ene-3,28-diol (alias heterobetulin, p2a) and 3-hydroxyurs-20-en-28-oic acid (alias heterobetulinic acid, p4a), 23-hydroxyuvaol (u2b), 23-hydroxyursolic aldehyde (u3b), 3-hydroxy-23-oxours-12-en-28-oic acid (u4c), gypsogenin (o4c) and 3-hydroxyurs-12-ene-23,28-dioic acid (u4d). IS, internal standard lupeol.
structures, while being specific in its activity on only one carbon center in them. Taken together, our results suggest that CYP716A83 catalyzes a three-step oxidation, forming respective C-28 alcohol and C-28 aldehyde products in a first and second round of hydroxylation, respectively, and releasing at least a part of them. It remains to be determined whether the enzyme can also re-bind the same intermediates for further oxidation.
The oleanolic acid and ursolic acid formed by CYP716A83 may not only serve as intermediates en route to asiaticoside, but may also be converted into other bioactive products in C. asiatica or play physiological roles themselves. Because oleanolic acid, ursolic acid and betulinic acid are widespread and relatively abundant triterpenoids in plants, Fukushima et al. (2011) speculated that CYP716As could have an important role in plant development or signaling, along with their intermediate role in triterpenoid pathways. Accordingly, Carelli et al. (2011) reported that M. truncatula mutants defective in CYP716A12 expression, with impeded synthesis of oleanolic acid, showed a strong decrease in growth, confirming a possible dual role for this triterpenoid in plant defense and development. However, the detailed physiological functions of CYP716A subfamily enzymes catalyzing the oxidation at C-28 of amyrins in other species are not clear.
A second C. asiatica CYP716 subfamily enzyme, CYP716A85, had expression patterns suggesting an involvement in asiaticoside formation, and based on sequence similarities was predicted to oxidize triterpenoid substrates on positions other than C-28. Accordingly, this P450 (re-named as CYP716E41) had recently been found to catalyze the C-6 hydroxylation of ursolic acid (u4a) and oleanolic acid (o4a) (Miettinen et al. 2017) , albeit at very low levels varying strongly between parallels. Here, we could not detect the respective products, possibly due to low substrate and/or enzyme amounts or due to other differences in experimental conditions. In our experiments, CYP716A85 also showed no activity on a-amyrin (u1) and bamyrin (o1), similar to results of Miettinen et al. (2017) .
As a major result of the current investigations, we found that a third candidate enzyme, CYP714E19, oxidizes ursolic acid into 23-hydroxyursolic acid (u4b). Together with our expression data, this result suggests that CYP714E19 is the enzyme catalyzing the C-23 hydroxylation crucial for asiaticoside formation. Interestingly, the P450 enzyme also formed several minor side products with C-23 oxygen functions, including the 23-oxo (u4c) and 23-carboxylate (u4d) derivatives of ursolic acid probably produced by repeat C-23 oxidation, showing that it may either carry out multistep oxidations or re-bind oxidation products. However, the major activity of the enzyme was for the first round of oxidation, leading to the 23-hydroxy function. The CYP714 subfamily, along with the CYP72, 734, 749, 721 and 749 clades, belongs to the CYP72 clan of P450 enzymes. While many CYP72 members have been characterized, there is relatively little information on the plant CYP714A-D subfamily to date. Most interestingly, some CYP714 enzymes were found to play roles in gibberellin biosynthesis, as C-13 and C-16 oxidases as well as C-16a,17 epoxidases (Zhu et al. 2006 , Magome et al. 2013 , Wang et al. 2016 ). However, a phylogenetic analysis showed that the CYP714E19 protein of C. asiatica has relatively little sequence homology with other CYP714 subfamily proteins ( Supplementary Fig. S8 ).
Our findings for CYP714E19 are similar to those of Fukushima et al. (2013) for CYP72A68v2 in M. truncatula. Coexpression of the latter gene with the Lotus japonicus bAS, CPR and CYP716A12 genes in yeast demonstrated that CYP72A68v2 also catalyzed specific oxidation of C-23 of oleanolic acid. However, the activity of this C-23 oxidase was not tested on other substrates, such as ursolic acid, impeding further comparisons with our results on ursane-type substrates. Furthermore, CYP72A68v2 also catalyzes a series of oxidation reactions from oleanolic acid via hederagenin to gypsogenic acid, similar to CYP714E19.
The yeast co-expressing CYP716A83 and CYP714E19 also produced two novel products tentatively identified as 23-hydroxyuvaol (u2b) and 23-hydroxyursolic aldehyde (u3b). All our GC retention and MS fragmentation data are in good agreement with these structure assignments; however, the identification cannot be confirmed by comparison with authentic standards at this point. Meanwhile, these putative 23-hydroxy ursane products suggest that CYP714E19 may also use substrates with various functional groups on C-28 for C-23 oxidation. This raises the possibility that CYP716A83, co-expressed in our experiments, may have further flexibility on its substrates and convert 23-hydroxyuvaol and 23-hydroxyursolic aldehyde by C-28 oxidation into 23-hydroxyursolic acid. The oxidations catalyzed by CYP716A83 may thus either precede or follow those of CYP714E19, leading to a flexible sequence of oxidations rather than a linear pathway. In order to test respective enzyme specificities and relative C-28 oxidation activities on various substrates, quantitative in vitro activity assays will have to be established.
Interestingly, co-expression of CaDDS and CYP714E19 alone did not lead to the formation of 23-hydroxy-a-amyrin or 23-hydroxy-b-amyrin under the conditions tested here ( Supplementary Fig. S7 ). This result suggests that CYP714E19 is specific for oleanolic acid and ursolic acid as substrates, but discriminates against the corresponding a-and b-amyrin precursors lacking a C-28 functionality, even though they have oleanane and ursane skeletons, respectively. It therefore seems very likely that the asiaticoside biosynthesis pathway proceeds via initial oxidation of C-28, yielding ursolic acid, followed by C-23 oxidation to 23-hydroxyursolic acid (and/or C-2 oxidation). Our finding that CYP714E19 accepts ursolic acid as substrate indicates that C-23 oxidation can occur without prior C-2a oxidation, leading us to predict a C-2a oxidase with substrate specificity for 23-hydroxyursolic acid. However, it cannot be ruled out that such a C-2a oxidase may also accept ursolic acid and that CYP714E19 may catalyze C-23 hydroxylation of the resulting corosolic acid. In a previous study, the C. asiatica enzyme CYP716C11 was shown to catalyze the C-2a hydroxylation of oleanolic acid or 6-hydroxyoleanolic acid, implicating this as another P450 involved in asiaticoside formation (Miettinen et al. 2017 ). However, it was not tested whether CYP716C11 may also accept, or even prefer, 23-hydroxyursolic acid as substrate, and it hence remains to be determined whether C-23 oxidation precedes or follows C-2 hydroxylation.
Finally, it should be noted that C. asiatica leaves also contain not only the ursane-type triterpenoid classes of asiaticoside and madecassoside, but also oleanane-type saponins such as scheffoleoside A and asiaticoside B (Matsuda et al. 2001 ). All these compounds share 2a-, 6b-and 23-hydroxy functionalities in their oleanane-and ursane-type sapogenins and saponins. Since all our results showed similar activities of P450 enzymes on ursaneand oleanane-type substrates, it seems likely that the hydroxylases are involved in both asiaticoside and scheffoleoside A formation.
In conclusion, this work led first to the identification of MeJA-responsive transcripts in leaves of C. asiatica, and on to the functional characterization of two P450s that are involved in asiaticoside biosynthesis. In particular, CYP714E19 was identified as the enzyme catalyzing the C-23 oxidation, probably of ursolic acid, and thus the last missing P450 along the asiaticoside pathway. Now that all the oxidases involved in asiaticoside formation are known, further investigations into the sequence of oxidation steps on the pathway can be envisaged. The toolbox of C. asiatica P450 enzymes will also enable the engineering of other, possibly novel, hydroxylated triterpenoids with carbon skeletons other than ursanes and oleananes, by co-expression of the various P450s with diverse OSC enzymes in yeast. Finally, it is now also possible to attempt (ectopic) overexpression of the P450s in C. asiatica or heterologous expression, for example in Nicotiana benthamiana, to confirm their biochemical functions and to engineer the formation of asiaticoside and its precursors.
Materials and Methods

Plant materials and sample preparation
For expressed sequence tag (EST) sequencing, whole-plant cultures of C. asiatica were established from node segments as previously described by Kim et al. (2004) . The node segments of four individual plants were cultured on 1/2 Murashige and Skoog (MS) liquid medium supplemented with 3% sucrose at 23 ± 2 C in 16/8 h light/dark cycles at 100 r.p.m. After 2 weeks of cultivation, MeJA (Sigma-Aldrich) was added to the medium to a concentration of 0.1 mM, and leaves were harvested 24 h after elicitation and immediately frozen in liquid nitrogen until use for total RNA extraction.
For RT-PCR time-course analysis of gene expression, an established hairy root culture system was used as described by Kim et al. (2007) . Total RNAs were extracted from hairy roots at 0, 12, 24, 48 and 72 h after induction with 0.1 mM MeJA.
For RT-PCR analysis of gene expression in various organs, whole plants of C. asiatica were cultured on 1/2 MS medium supplemented with 3% sucrose and 0.8% agar adjusted to pH 5.8 at 23 ± 2 C in 16/8 h light/dark cycles. After cultivation for 6 weeks, total RNA was extracted from leaves, stems, nodes and roots.
Transcriptome analysis
In a previous study, the RNA samples of C. asiatica treated with MeJA were sequenced using the Genome sequencer FLX (454 Life Sciences, Roche) and information of the annotations based on the public databases and expression levels calculated using RPKM (reads per kilobase per mapped million reads) for unigenes was used to select candidates of the P450 gene associated with triterpenoid biosynthesis of asiaticoside (Kim et al. 2017 ).
Phylogenetic analysis
For phylogenetic analyses, the deduced amino acid sequences were aligned using the interactive web site CLUSTAL W (http://clustalw.ddbj.nig.ac.jp/topj.html). A phylogenetic tree was generated using MEGA5.2 based on the Neighbor-Joining method (Tamura et al. 2011) . Amino acid distances were calculated using the Dayhoff PAM matrix method. Bootstrap analysis with 1,000 replicates was used to assess the strength of nodes in the tree. Sequence information for 23 of the P450 genes of C. asiatica has been deposited in GenBank with accession numbers as shown in Table 1 .
RT-PCR analysis
Total RNA was extracted from each sample and first-strand cDNA was synthesized using the AMV reverse transcriptase (Promega) and 2 mg of total RNA. SYBR Green Master Mix (Bio-Rad) was used for quantification with the CFX96 TM RealTime System (Bio-Rad) and gene-specific primers (Supplementary Table S3 ). The PCR conditions were as follows: initial denaturation at 95 C for 3 min, followed by 40 cycles of amplification for 15 s at 95 C, for 15 s at 58 C and for 30 s at 72 C. After completing the reactions, the threshold cycle (Ct) value for each reaction was obtained, and the differences were calculated using the delta-delta-Ct method and b-actin as internal control. The fold change in transcript levels of each gene (considered for quantitaive RT-PCR) is presented as the mean and SE of three independent experimental analyses.
Generation of plasmid vectors
The Invitrogen Gateway system was used to facilitate subcloning. All PCR primers are listed in Supplementary Table S3 . The open reading frames (ORFs) were amplified by PCR from the original cDNA with attB-modified custom primers for P450s, and the PCR products were inserted into the pDONR/Zeo entry vector to make an entry clone, following the manufacturer's protocol (Invitrogen). Plasmid DNAs were prepared from several transformants and sequenced. The yeast expression vectors were produced using the LR reaction (Invitrogen) with each of the entry vectors and the destination vector pYES-DEST52 (-Ura) for CaDDS, pAG423GAL-ccdB (-His) for CYP716A83, and pAG425GAL-ccdB (-Leu) for CYP714E19. After sequence confirmation, the pYES-CaDDS, pAG423-CYP716A83 and pAG425-CYP714E19 plasmids were used for yeast transformation.
Co-expression of CaDDS and CYP716A83 or CYP714E19 in yeast
In one experiment, CaDDS was expressed alone in Saccharomyces cerevisiae strain GIL77 as described before . In a second experiment, the yeast strain WAT21, which carries A. thaliana NADPH-CYP reductase (Pompon et al. 1996) , was transformed with pYES-CaDDS or empty pYES2 as controls. After confirming the presence of amyrins in yeast harboring pYES-CaDDS and the absence of pentacyclic triterpenes in yeast with empty pYES2, both strains were further transformed with pAG423-CYP716A83 or pAG425-CYP714E19. Recombinant yeast cells were grown for 2 d in SC-Ura-His or SC-Ura-Leu selection media, including 2% glucose. Then cells were collected and used to inoculate 15 ml cultures; 2% galactose was added immediately to each culture to induce gene expression, and cells were grown for a further 3 d. Finally, cells were extracted twice with 10 ml of ethyl acetate at 90 C for 30 min with intermittent vortexing. After centrifuging at 4,000 r.p.m. for 5 min, the organic phase was transferred to a new vial and then dried under a stream of nitrogen gas. The extracts were re-suspended in 400 ml of chloroform-methanol (1:1), and 100 ml of the resulting solution was transferred to a vial and dried down under nitrogen gas. Finally, the hydroxyl-containing compounds in the mixture were converted into trimethylsilyl derivatives by reaction with 50 ml of bis-N,O-(trimethylsilyl)trifluoroacetamide for 30 min at 70 C.
After confirming the formation of oleanolic acid and ursolic acid in yeast cells transformed with pYES-CaDDS/pAG423-CYP716A83, they were further transformed with pAG425-CYP714E19. The resulting yeast cells were selected in SC medium lacking uracil, histidine and leucine, induced with 2% galactose, grown for a further 3 d, extracted and analyzed as described above.
GC-MS analysis
GC-MS analysis was performed as described by Wang et al. (2011) . A 1 ml aliquot of the yeast extract was analyzed using a 6890 N gas chromatograph (Agilent) equipped with a cool on-column injector, mass spectrometric detector (5973 N, Agilent) and an HP-1 capillary column (Agilent; length 30 m, i.d. 320 mm, 1 mm film thickness). The oven temperature was programmed to hold at 50 C for 2 min after injection, a 40 C min -1 ramp to 200 C, a plateau at 200 C for 2 min, a rise to 320 C at a rate of 3 min -1 and holding at 320 C for 30 min. Triterpenoids were identified by comparison with authentic compounds (erythrodiol, uvaol, oleanolic acid, ursolic acid, hederagenin, 23-hydroxyursolic acid and gypsogenic acid) and with literature data. All sapogenin standards were of analytical grade, all purchased from SigmaAldrich, except that 23-hydroxyursolic acid was kindly provided by Dr. Jinsook Kim (Korea Institute of Oriental Medicine).
